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Abstract: This study is based on the daily sea ice concentration data from the National Snow and Ice
Data Center (NSIDC; Cooperative Institute for Research in Environmental Sciences (CIRES), Boulder,
CO, USA) from 1979 to 2016. The Arctic sea ice is analyzed from the total sea ice area, first year ice
extent, multiyear ice area, and the variability of sea ice concentration in different ranges. The results
show that the total sea ice area decreased by 0.0453 × 106 km2·year−1 (−0.55%/year) between 1979
and 2016, and the variability of the sea ice area from 1997 to 2016 is significantly larger than that from
1979 to 1996. The first-year ice extent increased by 0.0199 × 106 km2·year−1 (0.36%/year) from 1997 to
2016. The multiyear ice area decreased by 0.0711 × 106 km2·year−1 (−0.66%/year) from 1979 to 2016,
of which in the last 20 years is about 30.8% less than in 1979–1996. In terms of concentration, we have
focused on comparing 1979–1996 and 1997–2016 in different ranges. Sea ice concentration between
0.9–1 accounted for about 39.57% from 1979 to 1996, while from 1997–2016, it accounted for only
27.75%. However, the sea ice of concentration between 0.15–0.4 exhibits no significant trend changes.
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1. Introduction

In recent years, global warming has accelerated the melting of ice and snow in the Arctic region.
Arctic sea ice is the clearest and most important indicator of climate change due to the Arctic’s climate
amplification effect [1]. As economic globalization advances and regional integration further progresses
and intensifies, the Arctic is gaining global significance for its rising strategic and economic values
as well as those related to scientific research, environmental protection, sea passages, and natural
resources [2,3]. At the same time, the Arctic region is an important part of the global climate system
and an indicator of global climate change. The Arctic is a global cold source, the movements of
the atmosphere, oceans, and sea ice directly or indirectly affect the intensity of global water vapor
circulation, global heat balance, and climate change, among which sea ice is a key factor affecting the
global climate system [4–6]. The Arctic environment will continue to undergo greater changes in the
future, so the rapid changes of Arctic sea ice will certainly have a profound impact on the Arctic region,
and northern hemisphere [7]. With the advent of global warming, the Arctic sea ice gradually began to
melt, making the opening of an Arctic shipping route possible, but sea ice is still the biggest obstacle to
the development of the Arctic route [8]. Nevertheless, with the development of the global economy in
recent years, the development of the “Polar Silk Road” has become inevitable. In addition, the world
has begun to attach great importance to navigation security in the Arctic shipping routes. Accordingly,
studies on these routes and hydrographic surveys have been continuously strengthened with the aim
of improving the navigation, security and logistical capacities in the Arctic.

In the past 38 years Arctic sea ice cover has been decreasing, showing the most significant
reduction in the summer. The Arctic multiyear ice area decreased at a relatively fast rate of 10% per
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decade [9,10], and decreased by nearly 30% from 2002 to 2010 [11]. In March of the period from
1979–2006, the sea ice extent (SIE) decreased by 2.8% per 10 years, while in September of the same
period, it decreased by 8.6% per 10 years [12]. Analysis of Arctic SIE for the 28-year period from
1979–2006 reveals that they were decreased by 4.51 × 104 km2·year−1, and the seasonal and monthly
average of the SIEs also decreased [13]. The daily sea ice concentration data from the NSIDC from
1979 to 2013, shows that the sea ice concentration varies significantly between 2007 and 2012. The
high-concentration sea ice was greatly reduced, but the low-concentration sea ice was increased [14].
Arctic SIE has noticeably decreased over the last two decades, and the regions where it is decreasing at
the highest rate are mainly concentrated in the Beaufort, Chukchi, and East Siberian Seas. The historical
minimum values of the Arctic SIE, observed in September 2007 and September 2012, it may be related
to the abnormal state of seawater [15].

The SIE declined significantly in the summer, followed by that in autumn, winter, and spring
during the 1979–2013 period [16]. In the summer of 2010, there was a very low sea-ice concentration
that appeared at high Arctic latitudes—even lower than that of surrounding pack of ice at lower
latitudes [17]. The extent of perennial sea ice in the Arctic decreased rapidly, and in the East Arctic
Ocean continued to be depleted with an areal reduction of 70% from October 2005 to April 2006 [18].
Perennial ice extent loss in March within the Drift-Age Model domain was noticeable after the 1960s,
and the loss became more rapid in the 2000s when QSCAT observations were available to verify the
model results [19]. Comiso et al. recent study show that Goddard Bootstrap (SB2), Goddard NASA
Team (NT1), EUMETSAT Ocean and Sea Ice Satellite Application Facility (OSI-SAF 1.2), and Hadley
HadISST 2.2 data in evaluating variability and trends in the Arctic sea ice cover have different
results [20]. The recent results show record-late 2016 freeze-up in the central Arctic, North Atlantic
and the Alaskan Arctic sector in particular, associated with strong sea surface temperature anomalies
that appeared shortly after the 2016 minimum (October onwards) [21]. Acceleration in the decline is
evident as the extent and area trends of the entire ice cover (seasonal and perennial ice) have shifted
from about −2.2 and −3.0% per decade in 1979–1996 to about −10.1 and −10.7% per decade in the
last 10 years. The latter trends are now comparable to the high negative trends of −10.2 and −11.4%
per decade for the perennial ice extent and area, 1979–2007 [22]. Liu et al. (2018), divided the Arctic
into thirteen sub-regions, the results show that the changes in the four active regions are periodic and
the change period is over 10 years during the period from 1979 to 2016 [23].

In this paper, our analysis of sea ice variability is performed primarily based on the total sea
ice area (SIA), first year ice extent, multiyear ice area, and sea ice concentration in different ranges.
In addition, it also focuses on the comparison of the Arctic sea ice for the two periods, 1979–1996 and
1997–2016, respectively.

2. Dataset

The data used in this study were obtained from NSIDC (https://nsidc.org/noaa/data-sets).
This data set includes data from several microwave radiometers (Table 1): The Nimbus-7 Scanning
Multi-channel Microwave Radiometer (SMMR, National Oceanic and Atmospheric Administration
(NOAA), Washington DC, USA); Defense Meteorological Satellite Program (DMSP, Defense); F8,
F11, and F13 Special Sensor Microwave/Imagers (SSM/Is); DMSP-F17, DMSP-F18 Special Sensor
Microwave Imager/Sounder (SSMIS, NOAA, Washington DC, USA) [24]. The sea ice concentration
calculation was performed using the NASA Team algorithm developed by the Sea Ice Division of the
NASA Goddard Space Flight Center Water Cycle Laboratory [25]. The data are mapped to a common
rectangular grid overlaid on a north polar stereographic projection with a grid cell size of 25 km ×
25 km [25]. In this study, the sea ice concentration data set, was the source data for the calculation of
the SIE and SIA. The SIE is the cumulative area of all polar grid cells that have at least 15% sea ice
concentration. The SIA is the sum of the grid cell areas multiplied by the sea ice concentration for all
cells with ice concentration of at least 15%. The 15% threshold is used for both ice extent and ice area
calculations [26]. In this paper, we used data from 1979 to 2016.

https://nsidc.org/noaa/data-sets
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Table 1. Passive microwave sensor platform and the start and stop using time of data.

Sensor Platform Start Time Stop Time

SMMR Nimbus-7 6 October 1978 20 August 1987

SSM/Is
DMSP-F08 21 August 1987 18 December 1991
DMSP-F11 19 December 1991 29 September 1995
DMSP-F13 30 September 1995 31 December 2007

SSMIS
DMSP-F17 1 January 2008 31 March 2016
DMSP-F18 1 April 2016 Present

3. Results and Analysis

3.1. Total Sea Ice Area

The interannual variation of the Arctic SIA has great reference value for the study of global
temperature. Therefore, studying the Arctic total SIA is very important and necessary to reveal the
role of Arctic sea ice cover in relation to the global climate changes. The total SIA is calculated on a
daily basis and then combined to monthly, yearly, every 20-year and 38-year averages. The average
sea ice concentration results for the 38-year period was obtained and presented in Figure 1. The yearly
fitting line of the SIA is plotted in Figure 2.

Figure 1. The results of the average sea ice concentration (1979–2016).
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Figure 2. The variation of Arctic SIA from 1979–2016. (Grey solid line: 1979–2016 yearly data; blue
solid line: 1979–2016 trend; green dashed line: 1979–1996 trend; red dashed line: 1997–2016 trend).

As illustrated in Figure 1 the high-concentration sea ice shrunk to the center of the Arctic
Ocean during 1979–2016. The data shown in Figure 2 present the yearly variation of Arctic SIA.
Specifically, the results in Figure 2 reveal that the SIA decreased from 1979 to 2016 by approximately
0.0453 × 106 km2·year−1 (−0.55%/year) (at the 90% level). Meanwhile, from 1979 to 1996, the SIA
decreased by 0.0344 × 106 km2·year−1 (Figure 2), and from 1997 to 2016 it decreased at a rate of
0.0471 × 106 km2·year−1 (Figure 2). Three years has a particular low SIA; 2007 (8.35 × 106 km2), 2012
(8.24 × 106 km2) and 2016 (8.19 × 106 km2), with 2016 being the lowest SIA seen in the 1979–2016
record. Previous studies have shown that the extent and area of the ice cover reached minima on
14 September 2007 at 4.1 × 106 km2 and 3.6 × 106 km2, respectively [22]. The year 2012 has a lower
SIA also, but in the year 2013 the SIA was significantly increased compared to 2012, and ice conditions
were similarly severe in 2009. The SIA of 2016 showed a significant downward trend compared to
2015, and it was the year with the lowest SIA in the past 38 years. At the same time, some studies show
that the Arctic sea ice cover of 2016 was highly noteworthy, as it featured record low monthly sea ice
extents at the start of the year but a summer (September) extent that was higher than expected by most
seasonal forecasts [21].

A comparison of the results of two consecutive half periods (1979–1996 and 1997–2016) revealed
that although the SIA in both periods showed a downward trend, the specific trend of change was
different. Evidently, the Goodness of fit value for the first half period is 0.5221, which is smaller than
the 0.5503 of the second half period. In order to quantitatively compare the differences between the two
half periods, the yearly SIA was calculated and are shown in Figure 2. The average SIA from 1979 to
1996 is 9.877 × 106 km2, with a variance of 0.061; from 1997 to 2016, the average SIA is 8.993 × 106 km2,
with a variance of 0.134. Thus, the average SIA differs only by about 8.94%, but the variance of the
latter half period is significantly greater than that of the previous half period. Accordingly, the volatility
of the latter half period is higher, which means that the Arctic sea ice likely has a trend of overall
decline, but will be more volatile in the future.

3.2. First Year Ice Extent

First-year ice means that the sea ice lasts for no more than one year. It is generally formed in
the winter and melts in the summer. The first-year ice can reflect the difference in ice conditions
during that year. Based on the daily sea ice concentration obtained from the NSIDC, the maximum
and minimum SIEs for each day are calculated during a year. The first-year ice extent is given as the
difference between the yearly minimum and maximum daily SIE.

The first-year ice extent is calculated based on the daily SIE obtained from the NSIDC. Some
preprocessing on the daily sea ice extent data is required before calculating the multiyear ice area. First,
the value of the sea ice pixel is assigned to be 0, the value of the seawater pixel is assigned to be 1,
and the land is masked out. Next, the daily SIEs are counted, and the annual data are accumulated.
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Ultimately, if the accumulated value of a pixel is not equal 0 or 365 (leap year: 366), it means that
the pixel is first-year ice. Ultimately, the statistical results and trend (Figure 3) of the first-year extent
were obtained.

Figure 3. The variation of first year ice extent from 1979–2016. (Grey solid line: 1979–2016 yearly data;
blue solid line: 1979–2016 trend; green dashed line: 1979–1996 trend; red dashed line: 1997–2016 trend).

The data presented in Figure 3 indicates that the first-year ice extent from 1979 to 2016, increased
by about 0.0199 × 106 km2·year−1 (0.36%/year) (at the 95% level). Meanwhile, from 1979 to 1996, the
first-year ice extent decreased by 0.0159 × 106 km2·year−1(Figure 3), and from 1997 to 2016 it increased
at a rate of disappearance of 0.0572 × 106 km2·year−1 (Figure 3). The two periods show the opposite
trend. Thus the first-year ice extent increased rate of latter half period is much larger than the decrease
rate of the former half period.

The average first-year ice extent is 12.807 × 106 km2 from 1979 to 1996 and 13.142 × 106 km2

from 1997 to 2016. It is obvious that the average extent of the first-year ice in the former period is
2.62% smaller than that of the latter, while the variances are 0.192 and 0.318 in the two half periods,
respectively. Variance is used to describe the volatility of a set of data. The results reveal that the
volatility during the latter half period is far greater than that during the former half period. Therefore,
in recent years, the first-year ice extent has changed significantly and fluctuated considerably.

3.3. Multiyear Ice Area

Multiyear ice is present in the Arctic Ocean and account for a large part of Arctic sea ice. Multiyear
ice is more stable than the first-year ice. Therefore, a long-term study of multiyear ice can predict
the trend of the Arctic SIA in the future. It is important for a more accurate quantification of the
multiyear ice extent to perform the quantification with data obtained during a minimum extent period
(typically September), since at this time the first-year sea ice cover has basically melted and what is
left the multiyear ice [10]. The multiyear ice area is calculated based on the daily SIE obtained from
the NSIDC. Some preprocessing on the daily sea ice extent data is required before calculating the
multiyear ice area. First, the value of the sea ice pixel is assigned to be 0, the value of the seawater pixel
is assigned to be 1, and the land is masked out. Next, the daily SIEs are counted, and the annual data
are accumulated. Ultimately, if the accumulated value of a pixel is 0, it means that the pixel is multiyear
ice. The distribution of multiyear ice in different time periods were obtained and are presented in
Figure 4. The statistical results of multiyear ice area and proportion are shown in Table 2.
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Figure 4. The results of multiyear ice in different years (1979–2016).

Table 2. The statistical results of multiyear ice area and proportion.

Multiyear Ice Area
Time Periods 1979–1983 1984–1988 1989–1993 1994–1998 1999–2003 2004–2008 2009–2015 2016

Area (106 km2) 7.87 6.568 5.889 5.277 4.631 4.059 3.479 1.676
Proportion 100% 83.45% 74.83% 67.05% 58.84% 51.57% 44.21% 21.29%

As illustrated in Figure 4, the high age multiyear ice shrunk to the center of the Arctic Ocean
through the period 1979–2016. And the center of the Arctic Ocean was 2009–2016 of multiyear ice.
As shown in Figure 5 and Table 2, the multiyear ice of 2009–2016 accounted for 44.21%, and the 2016
multiyear ice area just accounted for 21.29%.

Figure 5. The proportion of multiyear ice area in different time periods.

The yearly multiyear ice area from 1979 to 2016, and the yearly trend for the 38-year period is
shown as Figure 6.

The multiyear ice area shows a decreasing trend from 1979 to 2016, and is reduced at 0.0711
× 106 km2·year−1 (−0.66%/year) (at the 95% level). From 1979 to 1996, the multiyear ice area
decreased by 0.0233 × 106 km2·year−1 (Figure 6), and from 1997 to 2016 it decreased at a rate of
0.01184 × 106 km2·year−1 (Figure 6). The three years of 2007, 2012 and 2016 are the extremely-low
years of multiyear ice area. Multiyear ice is a kind of stable sea ice, so to a certain extent, its variation
can reflect the trend of the overall SIA. The average multiyear ice area from 1979 to 1996 was 5.531 ×
106 km2, while from 1997 to 2016 the area was 4.226 × 106 km2, a difference of about 30.9%. Thus, the
multiyear ice area has been significantly reduced in recent years. The variances were 0.403 and 0.822 in
the two half periods, respectively.
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Figure 6. Trend of multiyear ice area from 1997–2016 (grey solid line: 1979–2016 yearly data; blue solid
line: 1979–2016 trend; green dashed line: 1979–1996 trend; red dashed line: 1997–2016 trend).

In order to better compare the relationship between the total sea ice area, first-year ice extent
and the multi-year ice area, the contrast radar map shown in Figure 7. Among them, the blue circular
line represents the change trend of the total sea ice area from 1979 to 2016, the orange circular line
represents the change trend of the annual ice area from 1979 to 2016, and the gray one represents
the change trend of the multi-year ice area. It can be seen from Figure 7 that the circular line of the
multi-year ice area and the total sea ice area shrink inwardly, showing the decreasing trend, but the
circular line of the first-year ice extent expands outward, showing an increasing trend.

Figure 7. Comparisons of total sea ice area, first-year ice extent and multi-year ice area.

Comparing with them, it is found that the change of multi-year ice area is the most significant,
the annual fluctuation is extensive, and the contraction is the largest. The total sea ice area changes
relatively gently with respect to the other sea ice parameters. Roughly, from 1979 to 1996, the total sea
ice area was about 10 × 106 km2, and it fluctuated in 8–10 × 106 km2 during 1997–2016. The range
of change with the first-year ice extent is in 12–14 × 106 km2, and it fluctuated in 12–15 × 106 km2

during 1997–2016. From 1979 to 1996, the multi-year ice area fluctuated in 5–6 × 106 km2, but from
1997 to 2016, it fluctuated in the range of 3–6 × 106 km2. It can be seen that the fluctuation range and
frequency of the total sea ice area, first-year ice extent and multi-year ice area in the latter half period
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are larger than those in the former half. This increased variability may be a persistent feature of Arctic
sea ice in the future.

As can be seen from Figure 7, the multi-year ice area in 1990, 1993, 1995, 2007, 2012, and 2016
have decreased significantly, which provides an opportunity for greater first-year ice extent in these
same years. In 1996 and 2001, the increase of the multi-year ice area led to a decrease of the first-year
ice extent were more obvious. The fluctuation of the total sea ice area is basically the same as the
multi-year ice area. It is contrary to the fluctuation of the first-year ice extent, but its variation range is
relatively flat. So this indicates that there is a negative correlation between the first-year ice extent and
the multi-year ice area. A weak negative correlation between the first-year ice extent and the total sea
ice area. A weak positive correlation between the multi-year ice area and the total sea ice area.

3.4. Analysis of Sea Ice Concentration

Sea ice concentration is a useful variable for climate scientists and nautical navigators and it is
defined as the area of sea ice relative to the total at a given point in the ocean. It is one of the most
important parameter to describe the characteristics of sea ice, and is also a major factor in the study
of atmospheric and ocean circulation patterns. It represents the percentage of sea ice in a grid cell
area, which ranges from 0 to 100%. Based on the daily average sea ice concentration, the yearly sea ice
concentration was calculated. Then, the yearly sea ice concentration range is divided into ranges of
10%, and the sea ice area of each range is calculated. To better illustrate the changes between two half
time periods, the area of the different ice concentration ranges are shown in Figure 8.

Figure 8. Sea ice area in different ranges concentration.

A comparison of the data presented in Figure 8 reveal that the average sea ice concentration
between 0.9–1 is about 31.91% of the total sea ice area in 38 years. It accounted for about 39.57% of the
total sea ice area in the former half period, but it only accounted for 27.75% in the latter half period.
This indicates that sea ice of the high-concentration decreased significantly. The data presented in
Figure 8 intuitively show that the area with the concentration between 0.4–0.9 exhibited a significant
increase, of approximately 8.53%, over the earlier half period. The area with concentration less than
0.4 showed almost no change.

To sum up, the total SIA showed a strong consistency in the multiyear ice area, but the reduction
rate of the multiyear ice is faster than that of the total sea ice. The extents of first-year ice showed an
increasing trend from 1997 to 2016, among which the years of 2007, 2012, and 2016 were clearly higher
than that in other years. However, the multiyear ice was clearly less than that of other years in these
three years. Therefore, there is a mutual compensation and significant negative correlation between
first-year ice and multiyear ice. The melt duration of the first-year ice is more consistent with that of
the multiyear ice. In other words, the more the melt duration, the less multiyear ice area.
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4. Conclusion

In this paper, the variability of Arctic sea ice from 1979 to 2016 were analyzed according to five
parameters: the total SIA, the extent of first-year ice, the multiyear ice area, and the sea ice concentration
in different ranges, and reached the following specific conclusions:

(1) The total SIA decreased by an average of 0.0453 × 106 km2·year−1 during the 38-year period
studied and decreased by 0.0344 × 106 km2·year−1 from 1979 to 1996 and 0.0471 × 106 km2·year−1

from 1997 to 2016. Additionally, 2016 was the year with the lowest SIA in the past 38 years.
The average SIA of the former half period was about 8.94% more than the following half period.
The variance of the SIA from 1997 to 2016 is 0.134, and that from 1979 to 1996 is 0.061. Therefore,
the volatility of SIA increased significantly in recent years.

(2) The first-year ice extent increased at a rate of 0.0199 × 106 km2·year−1. A comparison of the
results of two consecutive decade periods (1979–1996 and 1997–2016) revealed that the averages of
the extent are not significantly different, but the variances, which are 0.192 and 0.318, respectively,
are relatively large.

(3) The area of multiyear ice cover was shown to be declining at a rate of 0.0711 × 106 km2·year−1,
from 1979 to 2016. The average multiyear ice area in 1997–2016 was about 30.9% lower than that
in 1979–1996. Therefore, the multiyear ice has been significantly decreased in recent years.

(4) The area of the concentration between 0.9–1 is about 31.91% in the 38-year period studied. About
39.57% in the 1979–1996 period, but only 27.75% in the 1997–2016 period. The SIA within the
range of 0.4–0.9 showed a significant increase over the previous half period, an increment of about
8.53%. The area with a concentration of less than 0.4 showed almost no change in the 38-year
period. Therefore, the area of high-concentration sea ice declined significantly, the amount of
low-concentration sea ice was almost practically unchanged, while in the mid-range concentration
it was increased.

(5) The total SIA, multiyear ice area, and high-concentration sea ice all exhibited a downward trend,
and there was an obvious positive correlation between them. The first-year ice extent and melting
time both showed an increasing trend, and there is an inverse relationship between first year ice
extent and multiyear sea ice extent.
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